Biological nitrogen fixation, the reduction of chemically inert dinitrogen to bioavailable ammonia, is a central process in the global nitrogen cycle highly relevant for life on earth. N 2 reduction to NH 3 is catalyzed by nitrogenases exclusively synthesized by diazotrophic prokaryotes. All diazotrophs have a molybdenum nitrogenase containing the unique iron-molybdenum cofactor FeMoco. In addition, some diazotrophs encode one or two alternative Mo-free nitrogenases that are less efficient at reducing N 2 than Mo-nitrogenase. To permit biogenesis of Mo-nitrogenase and other molybdoenzymes when Mo is scarce, bacteria synthesize the high-affinity molybdate transporter ModABC. Generally, Mo supports expression of Mo-nitrogenase genes, while it represses production of Mo-free nitrogenases and ModABC. Since all three nitrogenases and ModABC can reach very high levels at suitable Mo concentrations, tight Mo-mediated control saves considerable resources and energy. This review outlines the similarities and differences in Mo-responsive regulation of nitrogen fixation and molybdate transport in diverse diazotrophs.
Introduction
Many globally important enzymes in sulfur, carbon and nitrogen metabolism depend on molybdenum (Iobbi-Nivol and Leimkühler, 2013) . Molybdoenzymes like sulfite oxidase, formate dehydrogenase, xanthine dehydrogenase, nitrate reductase and nitrogenase are widespread in bacteria, archaea and eukaryotes as indicated by comparative genomics (Zhang and Gladyshev, 2008; Zhang et al., 2011; Peng et al. 2018) . Apparently, some parasitic protozoa and unicellular fungi including Saccharomyces cerevisiae have lost the ability to utilize Mo during evolution. A neurological important molybdoenzyme in human is sulfite oxidase found in mitochondria (Kisker et al., 1997) . Apart from genes coding for the apo-molybdoenzymes, Mo-utilizing organisms have genes related to Mo cofactor biosynthesis and Mo transport (Peng et al., 2018) .
With the exception of Mo-nitrogenase, all other molybdoenzymes contain the molybdenum cofactor Moco or a Moco derivative (Mendel and Leimkühler, 2015; Leimkühler, 2017) . Moco biosynthesis proceeds in three steps (Fig. 1A) , which are highly conserved from bacteria to human (Mendel, 2013; Leimkühler, 2017) . In the first step, cyclic pyranopterin monophosphate (cPMP) is formed from guanosine triphosphate (GTP). In the second step, sulfur insertion into cPMP generates molybdopterin (MPT). Finally, Mo insertion into MPT forms Moco (Fig. 1B) . In Escherichia coli, these reactions are catalyzed by the products of the moaABCDE, moeAB and mogA operons. Bacteria can synthesize various Moco derivatives by nucleotide attachment and other modifications (Mendel and Leimkühler, 2015) .
Mo-nitrogenase is encoded by nif genes and catalyzes the reduction of inert dinitrogen (N 2 ) to ammonia (NH 3 ), which is a preferred nitrogen source in prokaryotes and plants. The enzyme is exclusively synthesized by N 2 -fixing (diazotrophic) bacteria and archaea, but not by eukaryotes (Zhang and Gladyshev, 2008; Zhang et al., 2011; Dos Santos et al., 2012) . Many plants, however, form symbioses with diazotrophs (Mus et al., 2016) . Mo-nitrogenase consists of two components, the iron (Fe)-protein NifH and the MoFe-protein NifDK (Fig. 2) . The Fe-protein serves as obligate electron donor to the MoFe-protein, where N 2 reduction takes place. Fe-protein delivers electrons one at a time and each Fe-protein cycle consumes two MgATP molecules (Burgess and Lowe, 1996) . In contrast to all other molybdoenzymes, Mo-nitrogenase contains the unique iron-molybdenum cofactor, FeMoco (Hu and Ribbe, 2011; Curatti and Rubio, 2014; Hu and Ribbe, 2016) . Biosynthesis of FeMoco involves the proteins NifS, NifU, NifB, NifE, NifN, NifQ, NifV and NifH (Fig. 1A) . In the first step, the cysteine desulfurase NifS and the scaffold protein NifU produce (4Fe-4S) clusters, which are transferred to the S-adenosyl-methionine-dependent protein NifB. In the second step, NifB forms an (8Fe-9S-C) precursor, which is transferred to the scaffold protein NifEN. Here, the precursor is converted into FeMoco (Fig. 1B) involving the Mo donor NifQ, homocitrate synthase NifV and nitrogenase reductase NifH (Fig. 1A) . Finally, FeMoco is inserted into apo-nitrogenase NifDK.
In addition to Mo-nitrogenase, some diazotrophs synthesize one or two alternative Mo-free nitrogenases, a vanadium-dependent V-nitrogenase (vnf-encoded) carrying VFeco and/or an iron-only Fe-nitrogenase (anf-encoded) carrying FeFeco (Fig. 2, Table 1 ) (Loveless and Bishop, 1999; McGlynn et al., 2013; Thiel and Pratte, 2014; Hu and Ribbe, 2015; Mus et al., 2018) . Like Mo-nitrogenase, the alternative nitrogenases consist of two components structurally and functionally similar to NifH (VnfH, AnfH) and NifDK (VnfDGK, AnfDGK). Apart from NH 3 , all nitrogenases obligatory produce molecular hydrogen (H 2 ). V-and Fe-nitrogenases produce three and nine times more H 2 , respectively, than Mo-nitrogenase (Fig. 2) . Consequently, Mo-free nitrogenases are less effective than Mo-nitrogenase in terms of ATP consumption per N 2 reduced, and diazotrophs preferably utilize Mo-nitrogenase (Joerger et al., 1989; Eady, 1996; Schneider et al., 1997; Eady, 2003; Lee et al., 2009; Seefeldt et al., 2013; Sippel and Einsle, 2017) .
To cope with Mo limitation, 89% of Mo-utilizing bacteria, regardless of whether diazotrophic or not, are predicted to synthesize highly efficient ModABC transporters (Peng et al., 2018) . They import molybdate (MoO 4 2-), the only (Hu and Ribbe, 2011; Curatti and Rubio, 2014; Yang et al., 2014; Mendel and Leimkühler, 2015; Hu and Ribbe, 2016; Leimkühler, 2017) . VFeco and FeFeco are structurally similar to FeMoco but differ in several aspects. Instead of molybdenum, VFeco and FeFeco contain vanadium or iron respectively. Furthermore, VFeco lacks one sulfide ion compared to FeMoco (Sippel and Einsle, 2017) . Moco and FeMoco structures were made with ChemDraw.
Fig. 2.
Schematic diagrams and activities of Mo-, V-and Fe-nitrogenases. Nitrogenases consist of two components, nitrogenase and nitrogenase reductase, which catalyze N 2 reduction and serve as specific electron donor respectively. Electrons from (4Fe-4S) clusters are first transferred to P-clusters (8Fe-7S) before they are passed on to FeMoco, FeVco and FeFeco. Transfer of each single electron from nitrogenase reductase to its cognate nitrogenase consumes at least two MgATP molecules. For mechanistic requirements, N 2 reduction is obligatory accompanied by H 2 production. The equations describing nitrogenase activities under optimum conditions show that Mo-, V-and Fe-nitrogenase allocate 25, 50 and 75%, respectively, of the total electron flux to proton reduction. Hence, both alternative nitrogenases are less efficient than Mo-nitrogenase in terms of ATP consumption per N 2 reduced. For details on nitrogenase structures and activities, see recent publications (Seefeldt et al., 2013; Hu and Ribbe, 2015; Sippel and Einsle, 2017; Mus et al., 2018) . (Hoffmann et al., 2016) , E. coli modA and moaA (Anderson et al., 1997; McNicholas et al., 1997) , H. seropedicae modA2 (Souza et al., 2008) , and R. capsulatus anfA, mopA, morA, and mop (Wiethaus et al., 2006) were verified by in vitro binding studies.
bioavailable form of molybdenum, to sustain activity of their molybdoenzymes at nanomolar molybdate concentrations in the environment (Zhang and Gladyshev, 2008 (Grunden et al., 1996; Kutsche et al., 1996) . In the diazotrophic bacteria Azotobacter vinelandii, Bradyrhizobium japonicum, Herbaspirillum seropedicae, Paenibacillus sp. WLY78 and R. capsulatus, the modABC genes are coordinately induced with Mo-nitrogenase genes (Kutsche et al., 1996; Lindemann et al., 2007; Pessi et al., 2007; Souza et al., 2008; Hamilton et al., 2011; Shi et al., 2016) . In line with this co-regulation, Mo-nitrogenase activity is strongly impaired in free-living diazotrophs lacking ModABC as shown for Anabaena variabilis, Klebsiella pneumoniae and R. capsulatus (Imperial et al., 1985; Zahalak et al., 2004; Gisin et al., 2010) . Likewise, Mo-nitrogenase activity of B. japonicum modABC mutants residing within soybean nodules is also impaired demonstrating the importance of the ModABC transporter in symbiotic nitrogen fixation (Delgado et al., 2006) . In addition, plant transporters are critical for molybdate transport into nodule cells as shown for the MOT1.2 and MOT1.3 transporters of the legume Medicago truncatula (Tejada-Jiménez et al., 2017; Gil-Diez et al., 2018) .
Since reduction of N 2 to ammonia is a highly energy-demanding process, expression of nif, vnf and anf genes is generally repressed by ammonium at least in free-living diazotrophs (Hübner et al., 1993; Fischer, 1994; Premakumar et al., 1998; Souza et al., 1999; Dixon and Kahn, 2004; Yan et al., 2010; Hamilton et al., 2011; Sarkar and Reinhold-Hurek, 2014; Thiel and Pratte, 2014) . When ammonium is limiting, proteobacterial diazotrophs activate transcription of nif, vnf and anf genes by the regulatory proteins NifA, VnfA and AnfA respectively (Fig. 3) . As a consequence, transcription of nitrogen fixation genes increases considerably and nitrogenase proteins accumulate to nearly 10% of soluble proteins in nitrogen-fixing cells (Dingler et al., 1988; Schneider et al., 1997; Hamilton et al., 2011; Hoffmann et al., 2015) . Preference for Mo-nitrogenase, the most efficient enzyme, is provided by molybdate-repressed transcription of V-and Fe-nitrogenase genes as shown for A. variabilis, A. vinelandii and R. capsulatus (Kutsche et al., 1996; Hamilton et al., 2011; Thiel and Pratte, 2014) .
This review focuses on the regulatory mechanisms controlling expression of Mo-nitrogenase, V-nitrogenase, Fe-nitrogenase and ModABC genes in response to Mo availability. When appropriate, complementary findings on Mo regulation in non-diazotrophs are addressed.
Transcriptional regulation by the Mo-responsive regulator ModE in E. coli
Mo-responsive gene regulation has extensively been studied in the non-diazotrophic model bacterium E. coli, which synthesizes several Moco-dependent enzymes and the high-affinity molybdate transporter ModABC (Kutsche et al., 1996; Wiethaus et al., 2006) . (Iobbi-Nivol and Leimkühler, 2013) . The modABCD operon is preceded by the divergently transcribed modEF operon. The transcription factor ModE represses modABCD expression at micromolar molybdate concentrations and therefore, restricts synthesis of the ModABC transporter to Mo-deficient conditions (Rech et al., 1995; Grunden et al., 1996) . ModE is a one-component regulator that directly senses and responds to molybdate availability. As "classical" ModE, it encompasses an N-terminal DNA-binding domain carrying a winged helix-turn-helix motif (HTH_9) and a C-terminal molybdate-binding domain consisting of two MOP sub-domains ( Fig. 4A) (Hall et al., 1999) . Molybdate binding induces major conformational changes in the MOP and HTH_9 domains (Fig. 4B ), which enhance ModE affinity for the modA promoter (Gourley et al., 2001; Schüttelkopf et al., 2003) . ModE binds conserved AT-rich sequences with the consensus ATCGCTATATA-N 6/7 -TATATAACGAT called Mo-boxes (Table 2) as demonstrated by in vitro binding and nuclease protection studies (Anderson et al., 1997; McNicholas et al., 1997; Studholme and Pau, 2003) . The Mo-box in the modA promoter overlaps the transcription start site (+1) and consequently, binding of ModE prevents binding of RNA polymerase and transcription of the modABCD operon.
In addition to its function as a repressor of mod-ABCD transcription, ModE acts as an activator of the moaABCED operon involved in Moco biosynthesis (Fig.  1A) (McNicholas et al., 1997) . The Mo-box in the moaA promoter is located immediately upstream of the -35 (Zhang and Gladyshev, 2008) . Cyanobacteria have VnfR regulators, which have HTH_3 domains and hence, do not belong to the ModE family. Well-characterized Mo-responsive regulators are E. coli ModE (Hall et al., 1999) , R. capsulatus MopA and MopB (Wiethaus et al., 2006) , ModE S from A. tumefaciens and S. meliloti (Hoffmann et al., 2016) , and A. variabilis VnfR1 and VnfR2 (Thiel and Pratte, 2014) . Cartoon representation of the E. coli apo-ModE protein (lacking molybdate) and ModEcontaining molybdate (shown as red spheres) are depicted in gray and blue respectively. Structures of apo-ModE and ModE were made with USCF Chimera using PDB 1B9N and PDB 1O7L respectively. The overlay emphasizes conformational differences in the molybdate-and DNA-binding domains.
promoter sequence, well in line with its function as an activator-binding site. In other words, the function of ModE as a repressor or an activator depends on the localization of the Mo-box relative to the other cis-regulatory elements. In total, E. coli has three operons repressed and six operons activated by ModE (Kurata et al., 2013) .
ModE regulators and Mo-boxes are conserved in proteobacteria, green sulfur bacteria and archaea indicating that binding of ModE to Mo-boxes is an ancient mechanism to control gene transcription in response to Mo (Studholme and Pau, 2003) . In line with this assumption, the involvement of ModE regulators and Mo-boxes in Mo-responsive gene regulation has been experimentally demonstrated in various bacteria (see below).
Mo-responsive gene regulation by two ModE homologs in Rhodobacter capsulatus
In contrast to E. coli, which has only one modE gene, many bacteria have two modE genes raising the question if and how their products cooperate in Mo-responsive gene regulation. This question has been extensively addressed in the photosynthetic alphaproteobacterium R. capsulatus, which is capable of synthesizing two nitrogenases, a Mo-nitrogenase and a Fe-nitrogenase (Schneider et al., 1991; Strnad et al., 2010) . Both R. capsulatus modE homologs (called mopA and mopB) are part of a large nitrogen fixation gene cluster containing the structural genes of Mo-nitrogenase, nifHDK (Wang (Hoffmann et al., 2016) , E. coli modA and moaA (Anderson et al., 1997; McNicholas et al., 1997) , H. seropedicae modA2 (Souza et al., 2008) , and R. capsulatus anfA, mopA, morA and mop (Wiethaus et al., 2006) were verified by in vitro binding studies. Experimentally determined transcription start sites for A. tumefaciens modA (Hoffmann et al., 2016) , E. coli modA (Rech et al., 1995) , and R. capsulatus anfA and mopA (Kutsche et al., 1996) are marked by underlining.
et al., 1993) . The mopA gene belongs to the mopA-mod-ABC operon, whereas the monocistronic mopB gene reads in the opposite directon immediately upstream of the mopA-modABC operon. MopA and MopB independently repress transcription of the mopA-modABC operon and the anfA gene (Schüddekopf et al., 1993; Kutsche et al., 1996; Wiethaus et al., 2006 (Wiethaus et al., 2009) . While mopA transcription is repressed by Mo, the mopB gene is constitutively expressed (Wiethaus et al., 2006) . Thus, the MopA/MopB ratio and consequently, the relative abundance of homo-and heterodimers varies in response to Mo availability. Overall, formation of MopAMopB heterodimers might provide a fine-tuning mechanism regulating Mo-responsive gene expression in R. capsulatus. Since many bacteria including A. vinelandii, H. seropedicae and R. palustris have two or more modE copies (Table 1) , differential formation of homo-and heterodimers might be widespread in bacteria (Larimer et al., 2004; Souza et al., 2008; Zhang and Gladyshev, 2008; Setubal et al., 2009 ).
Control of alternative nitrogenases and Mo uptake by Moboxes in various diazotrophs
In proteobacteria, expression of the V-and Fe-nitrogenase genes depends on the transcriptional activators VnfA and AnfA respectively (Fig. 3) (Joerger et al., 1989; Schüddekopf et al., 1993; Oda et al., 2005) . As described above, transcription of the R. capsulatus anfA gene is independently repressed by two ModE homologs that bind the Mo-box in the anfA promoter (Kutsche et al., 1996; Wiethaus et al., 2006) . Similarly, the vnfA and anfA promoters in various diazotrophs including A. vinelandii, Phaeospirillum fulvum, Rhodobacter maris and Rhodomicrobium vannielii contain highly conserved Mo-boxes suggesting that these promoters are ModE targets, too ( Table 2) .
The gammaproteobacterium A. vinelandii has, in addition to Mo-nitrogenase, two alternative nitrogenases, a V-nitrogenase and a Fe-nitrogenase (Table 1) (Bishop et al., 1980; Bishop et al., 1986; Chisnell et al., 1988) . Mo represses transcription of the vnfA and anfA genes (Fig.  3) (Premakumar et al., 1998) possibly involving conserved Mo-boxes in the vnfUA and anfA promoters ( Table 2 ). Like R. capsulatus, A. vinelandii has two ModE homologs, but direct binding of these regulators to the Mo-boxes upstream of vnfUA and anfA awaits experimental proof. The modE1 gene is part of the modE1-modABC operon, while the modE2 gene is located adjacent to the vnfA2 gene, the function of which is unclear. Mo repression of vnfA and anfA is abolished only when both modE copies are disrupted but not in single mutant strains suggesting that A. vinelandii ModE1 and ModE2 functionally substitute for each other as is the case for R. capsulatus MopA and MopB (R. Dixon, personal communication) .
In contrast to R. capsulatus and A. vinelandii, Mo does not repress vnfA and anfA expression in R. palustris and R. rubrum, findings in line with the absence of obvious Mo-boxes in their vnfA and anfA promoters (Lehman and Roberts, 1991; Oda et al., 2005) . These diazotrophs synthesize alternative nitrogenases whenever Mo-nitrogenase is inactive due to Mo shortage, inactivation by tungstate or mutations in the Mo-nitrogenase structural genes. Instead of Mo availability, the cellular nitrogen status has been suggested to control expression of V-and Fe-nitrogenase genes in R. palustris (Oda et al., 2005) . Loss of Mo-nitrogenase activity is thought to cause extreme shortage of fixed nitrogen, which in turn triggers expression of vnfA and anfA genes. Interestingly, R. palustris has a modE-modABC cluster preceded by a Mo-box suggesting that this strain regulates molybdate uptake (but not nitrogen fixation) by ModE.
Overall it appears that ModE-mediated repression of vnfA and anfA transcription provides a widespread but not ubiquitous mechanism to restrict synthesis of alternative nitrogenases to Mo-deficient conditions that are unfavorable for Mo-nitrogenase. In other words, some diazotrophs respond to Mo availability directly by a molybdate-sensing regulator, ModE, whereas others notice Mo shortage indirectly by sensing the fixed nitrogen status reflecting Mo-nitrogenase activity.
Five classes of ModE family proteins
The members of the ModE family are defined by their HTH_9 (or ModE_N) domains known or presumed to bind Mo-boxes. Apart from their HTH_9 domains, many ModE proteins clearly differ from the E. coli paradigm. Based on their domain architectures, members of the ModE family have been assigned to five classes (Fig. 4A ) (Studholme and Pau, 2003) . (i) The first class includes classical (E. coli-type or full-length) ModE regulators with two C-terminal MOP domains involved in molybdate binding. About one-third of all bacteria having modABC genes encode classical ModE regulators (Zhang and Gladyshev, 2008 (Zhang and Gladyshev, 2008) . Despite their abundance, no member of this class has been experimentally characterized to date. A PBP_2 domain is also present in cyanobacterial Mo-responsive VnfR regulators, which have an N-terminal HTH_3 domain and hence, do not belong to the ModE family (see below). (iv) The fourth class of ModE regulators found in epsilonproteobacteria has an N-terminal coiled-coil or LysM domain possibly involved in dimer formation rather than in metal-binding. A single ModE regulator of this class represses the molybdate and tungstate transport genes in Campylobacter jejuni in response to molybdate and/or tungstate availability (Taveirne et al., 2009 (Zhang and Gladyshev, 2008) . Phylogenetically, modE S genes probably result from truncation of full-length modE genes (Studholme and Pau, 2003) .
Truncated ModE S regulators in Sinorhizobium meliloti and Agrobacterium tumefaciens
The absence of molybdate-sensing domains in ModE (Hoffmann et al., 2016) . Both lack full-length modE genes, but have modE S genes clustering with modABC operons preceded by Mo-boxes (Galibert et al., 2001; Goodner et al., 2001; Wood et al., 2001; Hoffmann et al., 2016) . Micromolar molybdate concentrations repress modABC transcription in both strains as is the case in E. coli and R. capsulatus (Hoffmann et al., 2016 In search for the underlying regulatory mechanism, the role of Moco biosynthesis in this process has been addressed (Hoffmann et al., 2016) . Interestingly, ModE S -mediated modABC repression is abolished in S. meliloti and A. tumefaciens mutants lacking any of the Moco biosynthesis proteins MoaA, MoaC, MoaD, MoaE, MoeB, MogA (MoaB) or MoeA (Fig. 1A) , even at high ambient molybdate concentrations. Hence, ModE S activity in these strains responds to Moco biosynthesis rather than to molybdate availability directly. Disruption of mobA and mocA, which are involved in formation of the Moco derivatives bis-MGD and MCD, respectively, does not abolish modABC repression (Palmer et al., 1996; Nichols and Rajagopalan, 2002; Neumann et al., 2009; Hoffmann et al., 2016) . In conclusion, ModE S activity apparently depends on Moco in its unmodified form rather than the Moco precursors cPMP or MPT or a Moco derivative (Fig.  1A) . It remains to be determined whether ModE S senses
Moco directly or interacts with a Moco-sensing protein possibly MogA (MoaB) or MoeA, which catalyze the final step in Moco biosynthesis and act as Moco carriers (Neumann et al., 2007) . It is puzzling that several bacteria have both a fulllength modE gene as well as a truncated modE S gene leading to the question how they coordinately regulate Mo-dependent pathways (Table 1) (Zhang and Gladyshev, 2008) . In H. seropedicae, both ModE and ModE S bind the modA2 promoter in vitro suggesting that they have overlapping functions in regulation of the modA2-B2-C2 operon (Souza et al., 2008) . In contrast to the modA2 promoter, which has a putative ModE-binding site (Table  2) , there is no obvious Mo-box upstream of the modA1-B1-C1 genes, which possibly form a large operon with nitrogen fixation genes under the control of the nifH promoter (Souza et al., 2008) .
Mo-responsive gene regulation by ModE and VnfR regulators in Anabaena variabilis
The filamentous heterocyst-forming cyanobacterium A. variabilis is capable of synthesizing three nitrogenases, two Mo-nitrogenases and a V-nitrogenase, when fixed nitrogen is limiting (Thiel and Pratte, 2014) . Mo-nitrogenase 1 and V-nitrogenase are synthesized in heterocysts, terminally differentiated cells that provide an anoxic environment required for nitrogen fixation under ambient oxic conditions. Expression of V-nitrogenase genes requires limitation of both fixed nitrogen and Mo. Mo-nitrogenase 2 is synthesized in vegetative cells grown under anoxic conditions. In addition, A. variabilis synthesizes a ModABC transporter encoded by the modA and modBC operons, which are widely separated in the chromosome (Zahalak et al., 2004; Pratte and Thiel, 2006) . Strains disrupted in modA or modBC are unable to grow via Mo-nitrogenase when Mo is limiting, but are not affected in V-nitrogenasedependent growth. Similar to the situation in proteobacteria, Mo represses transcription of the modA and modBC genes in A. variabilis (Zahalak et al., 2004) .
The A. variabilis modA gene is preceded by a divergently transcribed modE-like gene (Thiel and Pratte, 2014) . While the E. coli ModE protein encompasses a winged helix-turn-helix (HTH_9) and two MOP domains, the A. variabilis homolog has a non-winged HTH and only one MOP domain, and therefore, differs considerably from classical ModE proteins. Disruption of the A. variabilis modE gene increases expression of modA and modBC in the presence of Mo compared to the wild-type suggesting that the A. variabilis homolog is a functional Mo-responsive repressor (T. Thiel, personal communication).
The A. variabilis V-nitrogenase proteins VnfH and VnfDGK, and the vanadate transporter VupABC are encoded by the vnfR2-vnfH, the ava4025-vnfDGKEN and the vnfR1-vnfV-vupABC operons, respectively, all of which are Mo-repressed (Pratte and Thiel, 2006; Ungerer et al., 2010; Pratte et al., 2013) . Mo repression is mediated by the structurally related regulators VnfR1 and VnfR2 (Fig. 4A) . While strains lacking either VnfR1 or VnfR2 still repress ava4025 transcription, a mutant lacking both regulators no longer represses ava4025 transcription, indicating that VnfR1 and VnfR2 functionally substitute for each other. Although either of the two regulators is sufficient to repress ava4025 transcription in vivo, only VnfR1 was shown to bind the ava4025 promoter in vitro (Pratte et al., 2013 
Molybdenum regulation of the structural genes of Monitrogenase
As outlined above, Mo generally represses synthesis of alternative nitrogenases, which are less efficient at reducing N 2 than Mo-nitrogenase. On the other hand, Mo-nitrogenase strictly depends on sufficient Mo supply and accordingly, Mo enhances expression of the structural genes of Mo-nitrogenase, nifHDK, at least in some free-living diazotrophs (Dixon et al., 1980; Jacobson et al., 1986; Luque and Pau, 1991; Mus et al., 2018) .
In A. vinelandii, nifHDK transcription requires the presence of at least 50 nanomolar molybdate and increases at higher Mo concentrations . This Mo control involves VnfA, the transcriptional activator of the V-nitrogenase genes, which represses nifHDK transcription under Mo deficiency (Fig. 3) (Luque and Pau, 1991; Walmsley et al., 1994) . Mo concentrations sufficient for Mo-nitrogenase activity repress vnfA transcription (Premakumar et al., 1998) , and thereby counteract VnfAmediated repression of nifHDK transcription.
In R. capsulatus, nifHDK transcription increases about two-fold upon Mo addition (Hoffmann et al., 2015) . This regulation involves AnfA, the transcriptional activator of the Fe-nitrogenase genes (our unpublished results). Although all three proteins derive from the same operon, the NifD and NifK levels increase two-fold but the NifH level remains fairly constant under Mo-deficient and Mo-replete conditions. This suggests that Mo regulation of the NifH, NifD and NifK levels in R. capsulatus involves transcriptional as well as post-transcriptional control mechanisms.
In K. pneumoniae, nifHDK transcription occurs even in the absence of Mo, but addition of 100 micromolar Mo enhances nifHDK transcription about seven-fold (Dixon et al., 1980) . Since K. pneumoniae lacks VnfA and AnfA regulators, Mo control in this strain clearly differs from the situation in A. vinelandii and R. capsulatus. In addition to Mo, maximal nifHDK transcription requires the nifD and nifK products, whose function in Mo control is unclear.
Post-transcriptional control of Moco biosynthesis by riboswitches
In E. coli, transcription of the moaABCDE operon, whose products are essential for Moco biosynthesis (Fig.  1A) , is activated by ModE (McNicholas et al., 1997) . In addition, Moco biosynthesis is regulated by a post-transcriptional control mechanism (Regulski et al., 2008) . The 5′ untranslated region of the moaABCDE mRNA forms a complex secondary structure involving the moaA ribosome-binding site as shown by in-line probing and site-directed mutagenesis (Regulski et al., 2008) . This structure probably acts as a Moco riboswitch as suggested by expression studies in mutant strains lacking various genes along the Moco biosynthesis pathway (Fig. 1A) . Upon in vivo Moco binding, this riboswitch is thought to repress moaA translation and hence, prevent further Moco formation by feedback inhibition.
RNA motifs similar to the E. coli moaA riboswitch are conserved upstream of genes encoding Moco-dependent enzymes and Mo transporters in Gram-negative and Gram-positive bacteria (Weinberg et al., 2007; Regulski et al., 2008) . One such motif is associated with a modA gene in the deltaproteobacterium Pelobacter carbinolicus suggesting that molybdate transport in this strain is controlled by a Moco riboswitch (Regulski et al., 2008) . Although Moco biosynthesis controls modA expression in A. tumefaciens, this regulation is mediated by the transcriptional regulator ModE S rather than by a riboswitch suggesting that different solutions have been found for Moco-controlled gene expression (Hoffmann et al., 2016) .
Conclusions
Nitrogen-fixing cells simultaneously contain three forms of molybdenum, namely molybdate, Moco and FeMoco. As outlined in this review, many bacteria control gene expression in response to molybdate and Moco. In contrast, the impact of FeMoco in gene regulation remains uncertain. Molybdate is sensed by widespread classical E. colitype ModE regulators encompassing MOP domains. However, a large, yet uncharacterized group of ModE regulators lacks MOP domains but instead has PBP_2 domains also thought to bind molydate directly. At present it remains speculative whether MOP and PBP_2 domains differ in their affininity for molybdate and/or related oxyanions like tungstate and sulfate. ModE regulators are defined by their HTH_9 domains, which bind cis-regulatory Mo-boxes. In contrast, cyanobacterial VnfR regulators combine HTH_3 and PBP_2 domains.
MOP domains are not limited to ModE regulators, but are also found in combination with MerR-type DNAbinding domains (Zhang and Gladyshev, 2008) . Wellcharacterized members of the MerR family are MerR, ZntR and CueR, which respond to mercury, zinc and copper respectively (Brown et al., 2003) . MerR-MOP regulators probably extend the range of metals recognized by the MerR regulator family.
At least two mechanisms are known to control expression by Moco. Many bacteria have truncated ModE S regulators consisting only of a DNA-binding HTH_9 domain (Hoffmann et al., 2016 In addition to transcriptional control by Mo-responsive regulators, some bacteria regulate gene expression by Moco-responsive riboswitches acting at the post-transcriptional level (Weinberg et al., 2007; Regulski et al., 2008) . Other post-transcriptional Mo-responsive regulatory mechanisms possibly involving small RNAs urgently await identification.
Importantly, diazotrophs have to distribute molybdate between the FeMoco and Moco biosynthetic pathways (Fig. 1A) . In A. vinelandii, NifO balances activity of FeMoco-containing Mo-nitrogenase and Moco-dependent nitrate reductase (Gutierrez et al., 1997) . As part of the nifB-fdxN-nifO-nifQ operon, NifO is coordinately produced with NifQ, which is the immediate Mo donor for FeMoco biosynthesis (Hernandez et al., 2008) . Since nifQ is highly expressed under nitrogen-fixing conditions, NifQ may numerically outcompete MoeA, the immediate Mo donor for Moco biosynthesis (Nichols and Rajagopalan, 2002; Sandu and Brandsch, 2002) , thus making molybdate preferentially available for FeMoco biosynthesis. Many diazotrophs have nifQ but lack nifO and therefore, NifQ might be the prevalent factor in molybdate distribution.
